Abstract. Sterol ratios are used to identify sources, occurrence and partitioning of faecal matter in sediments of the Tay Estuary, Scotland. The 5β/(5α+5β) ratio is used to discriminate between sewage and biogenic sterol sources by comparing the concentrations of coprostanols to cholesterol plus coprostanols. This index shows unambiguous sewage pollution in the Invergowrie Bay area (values >0.7). The coprostanol/epicoprostanol index is used to differentiate between human and non-human faecal inputs. Ratios confirmed the primary source as human-derived faecal material. The coprostanol/cholesterol ratio was calculated in order to elucidate the contribution of different biogenic sources to the sedimentary sterol budget. Ratios of >1 clearly indicate faecal sterol sources. Invergowrie Bay displayed no sterol signature other than sewage. A biogenic source of cholesterol influenced total sterol concentrations upstream of the City of Dundee. Attention is directed to the potential role of density fronts in compartmentalization of faecal material in bottom sediments.
Introduction
Where faecal matter is discharged into a marine system, the sterol "fingerprint" of the source organism is diluted and dispersed. However, the biomarkers of faecal pollution remain distinguishable from other sterols (Galois et al., 1996) . By exploiting the differences in the sterol profiles of humans and animals, it is possible to determine the source of the faecal contamination (CSIRO, 2000) .
The most abundant faecal sterol, coprostanol, has been detected in the majority of surface waters and sediments contaminated with sewage. Its concentration normally decreases with distance downstream from an isolated point source into the watercourse (Brown and Wade, 1984) . Unlike
Correspondence to: A. D. Reeves (a.d.reeves@dundee.ac.uk) cholesterol, cholestanol, campesterol, β-sitosterol and stigmastanol, which are present in both sewage and sediments from a variety of sources, coprostanol is not normally present in uncontaminated marine sediments (Walker et al., 1982; Venkatesan and Kaplan, 1990; Green et al., 1992; Green and Nichols, 1995; Elhmalli et al., 1997; Elhmalli et al., 2000) . The presence of coprostanol is primarily a consequence of anthropogenic input into a system and hence represents the presence of sewage contamination. Coprostanol can therefore be used to trace polluted sediments (Saliot et al., 1991; Sicre et al., 1994; Walker et al., 1996; Saliot et al., 2002) . Its quantification is an effective measure of the degree of sewage contamination (Kelly, 1995) . Under anoxic sedimentary conditions, coprostanol will persist and any decline in concentration will be due to physical sediment transport. This persistence has allowed the historical tracing of pollution from the recent past to the late Saxon/early medieval period (Hatcher and McGillivary, 1979; McCalley et al., 1981; Mackenzie et al., 1982; Evershed and Bethell, 1996) .
As coprostanol combines with organic colloids it is highly likely to be incorporated into sediments. Elevated coprostanol concentrations are generally associated with sedimentary sequences deposited beneath relatively shallow estuarine waters. This type of depositional environment, rich in sewage-laden materials, is characterised by black streaking of the sediments. Elevated concentrations in deep basins are associated with advected fine-grained sediments, which tend to adsorb to organic carbon (Venkatesan and Kaplan, 1990; Venkatesan et al., 2003) . Jeng and Han (1994) showed a >91% association between coprostanol and particulates in effluent.
For the detection and quantification of sewage pollution, reliance on the presence of just one sterol, normally coprostanol, may lead to questionable results regarding source contributions to a sediment (Sherblom et al., 1997; Mudge et al., 1999) . This study, therefore, examines the presence of four sterols and four stanols. The group comprises coprostanol, epicoprostanol and cholestanol, together with cholesterol, campesterol, stigmasterol, β-sitosterol and stigmastanol, all of which can be detected in sewage and some of which have alternative sources (Table 1) .
Geographical area of study
The Tay catchment (c. 6500 km 2 ), represents an area of mixed land use and geology (Buller et al., 1975) . The Tay Estuary trends west-east into the North Sea. It is unique in that it is partially developed only on the north shore with no heavy industry discharging into it. Within the estuary boundaries, North Sea water is diluted with freshwater from the Tay and Earn catchments, which contribute more than 95% of the freshwater input (Cracknell et al., 1987) .
The main study area was Invergowrie Bay (UK National Grid: NO 357297) on the north shore of the Tay Estuary (Fig. 1) . Within the bay is the terminus of a long outfall, which formerly served the western part of the city of Dundee and the village of Invergowrie. Prior to 1994 the outfall had one of the largest effluent discharge rates in the city (4 800 m 3 per day; Ferrier and Anderson, 1996) and discharged slightly below the low water mark. This outfall was active at the time of sampling but is no longer used continuously (see below). The sample sites were located away from the main channel, inundated at each high tide and exposed at each low tide.
The Invergowrie Bay long outfall is maintained by Scottish Water. In 1994, Burnside Road pumping station was commissioned to pump wastewater along Riverside Drive to the screening station adjacent to Dundee airport, which was in use up until the commissioning of the Hatton Private Finance Initiative scheme in 2001. Before this scheme, every day nearly 13 million gallons of untreated or partially treated sewage was directly discharging to the Tay Estuary and Angus coastline (North of Dundee). The new scheme is providing full biological treatment for the sewage effluent and approximately 8 million gallons of storage for storm sewage before any discharge takes place at the pumping stations.
From 1994 onwards, the outfalls in this region have been used only in times of heavy rainfall i.e., Combined Sewer Overflow (CSO), with the discharge of screened dilute wastewater into the bay. Effectively nothing has changed since 1994 in terms of the study site. The Invergowrie Bay outfall at Burnside Road still operates as a CSO during storm conditions but for the majority of the year there are no discharges. Improved screening was installed at the site during 2002. Burnside Road PS is only one of a number of CSOs along the Dundee foreshore (Fig. 2) . These are required to provide outlets from the sewerage system during rainfall, as the pumping station systems cannot cope with all rainwater generated via surface runoff, as highlighted by the following comment:
"The coastline from Invergowrie to Arbroath has been plagued for decades with the presence of sewage related debris and intermittently poor microbiological water quality at beaches such as Broughty Ferry, Monifieth and Carnoustie. The [Hatton] project has been modelled and designed to remove all sewage related debris from discharging to the receiving waters under normal conditions. In addition, the beaches at Broughty Ferry and Monifieth should be able to meet at least the mandatory standards contained in the Bathing Waters Directive whilst the designated beaches at 
Sample collection and storage
At each site, temperature and salinity were measured using a Partech TCS/81 probe. Bed surface sediment samples (top 10 cm) were collected using a modified van Veen grab (with added teeth) from aboard the University of Dundee's R.V. Mya at high slack water. Samples were transferred onto nonwaxed aluminium foil for transportation. In the lab they were stored, in darkness, in solvent washed glass containers. Samples were frozen as soon as possible after collection.
Sediments were sampled in a grid pattern ( Fig. 1 ; one sample at each location). The total water depth above the sediment was c. 2-3 m at high water. Control samples from the outer estuary were collected by the Marine Research www.copernicus.org/EGU/hess/hess/9/81/ Laboratory (MRL) Aberdeen, using the same procedure.
Further control samples were also collected from the Middle Bank (J to N; Fig. 1 ) and upstream mudflats to the west of Invergowrie Bay (E to I; Fig. 1 ).
Analytical procedures
Twenty gram sub-samples of sediment were refluxed in 6% w/v KOH in methanol for 4 h. The cooled supernatant was decanted and centrifuged to remove remaining solids (5 min at 500 rpm). Non-polar sterols were partitioned into hexane after the addition of pure water (after Mudge and Norris, 1997). All appropriate measures were taken to minimise potential contamination. An attempt was made to establish the use of a novel internal standard, 1-docosanol. However, it was found that docosanol also occurred in the sediments and therefore was unsuitable for the purpose. It was not possible to distinguish between 1-docosanol and an epimer in the sediments and so absolute identification was not possible. It is suggested that the soft fruit industry on the Carse of Gowrie (north shore of Tay Estuary) may be the source of the alcohol. Docosanol has been isolated from raspberry strains grown there (Scottish Crop Research Institute, pers. comm.) An external standard (4 µg 5α-cholestane in 100 µl heptane) was therefore added. Based on preliminary experimentation, extraction efficiency (reported to be essentially 100% by Mudge and Norris, 1997) was found to average >90%; a result which compares favourably with reported extraction efficiencies using this protocol (62%-96%: LeBlanc et al., 1992) . Sterols were derivatised using 100 ml of 1:10 TMCS/BSFTA at 60 • C for 1 h. Identification of unknowns was achieved by comparison of relative retention times with authentic standards on GC-MS (GC as GC-FID; transfer 295 • C; Hewlett-Packard 5790B MSD; control/data handling by Hewlett-Packard ChemStation; SIM scanning through 50-520 atomic mass units (amu), 1 scan per second).
Quantification was achieved by use of calibration curves (average error 6.21%) based on the repeated injections of eight standards (Aldrich) onto GC-FID (Phillips PU4400 GC, with cool on-column injection by Phillips PU4400/23; operating conditions are stated in Table 2 ). Least squares regression analysis was used to give a best estimate of the amount of sterol on-column in micrograms within +/−1 confidence interval. Within these working conditions, over 20 injections, retention time variation was <1% and detector response showed a c. 2.5% variation. Testing the limit of detection of the GC-FID showed that 10 ng of sterol on-column could be reliably resolved.
Results and discussion
Results presented in this paper represent data initially collected during the spring and summer months of 1997. The introduction of Hatton Sewage Treatment Works means that the historical significance of these data has greatly increased. They have come to represent baseline concentrations of biomarkers measurable in contaminated sediments. As the Hatton PFI scheme is now fully operational, a substantial reduction in the degree of anoxicity of the sediment plus associated sterol reduction should have ensued.
The composition of the effluent discharged into the estuary was likely to have remained relatively consistent over the study period, as the population of Dundee does not fluctuate greatly on a seasonal basis. Given that conditions in the catchment were substantially unchanged, Kelly's (1995) assumption (that the gross composition of sewage does not change significantly over time) is upheld. Jeng et al. (1996) reported difficulties in separating coprostanol and epicoprostanol on-column. The chromatographic techniques used here clearly resolved coprostanol and epicoprostanol based upon their different cis-and transstructures by lengthening the retention time. Once it had been established that there was not a significant amount of epicoprostanol in the sediments, coprostanol and epicoprostanol were considered together in ratios, following the precedent set by Venkatesan and Kaplan (1990) , Sherwin et al. (1993) , Jeng et al. (1996) , Sherblom et al. (1997) , Chan et al. (1998) and Marvin et al. (2001) . In particular, the authors showed that in ratios such as 5β/(5α+5β), the combination of coprostanol and epicoprostanol can elucidate the presence or absence of faecal material more clearly than on the basis of coprostanol alone.
Particle size analysis was performed using a Coulter LS 230 laser diffraction particle size analyser, which can measure over a size range of 0.4 to 2000 µm.
Sediments were sand dominated with small variable amounts of clay and silt particles. Sand accounted for 65-98%, silt for 1.5-30% and clay for 1-4% of the size distribution in Invergowrie Bay.
Sterols were most strongly related to the silt fraction of the sediments. For example, the relationship between coprostanol and silt was R 2 =0.56, whereas with clay, R 2 =0.4. Cholesterol, on the other hand, was most strongly associated with clay (R 2 =0.5). Statistical relationships between grain size and sterol content demonstrated declining sterol concentrations with increasing sand content. These results concur with those of other authors (e.g. Hatcher and McGillivary, 1979; Bachtiar et al., 1996) . These authors highlight the significance of the association between Total Organic Matter (TOM) content and sediment particle size. The implication of the work is that the primary source of silt and clay sized sediments was also the primary source of the organic fraction. TOM was established for all samples (ashing for 3 h at 1000 • C; 10 g dry sediment) and accounted for 1.25-5.00% of the total sediment (Table 3) .
It can be seen from Table 4 that there was a substantial overall reduction in recorded sterol concentrations over the spring and summer months. This month-on-month loss (April-August) was as high as 60% for coprostanol, 53% for epicoprostanol, 41% for cholesterol and 24% for cholestanol. The differences in sterol reductions reflect differences in degradation behaviour in aerobic surface sediments and inputs from sources other than the outfall. The decline in coprostanol reflects the maximum amount of sterol degradation. Due to its absolute source specificity, there was no interference from other (i.e. non-faecal) sterol sources.
When compared with temperature and salinity variations (Table 5) , sterol reductions corresponded to an increase in ambient water temperature and salinity. The temperature changes, in particular, reflected improving conditions for microbial growth. It is suggested that the primary mechanism of sterol decline was due to microbial degradation, in agreement with the previous work of Huang and Meinschein (1979) .
Microbes are a primary constituent of sewage (Ashley and Dabrowski, 1995) and an increased temperature will encour- age mesophyllic bacterial groups common in sewage to become more active (Hammer, 1986) . As a general rule, the activity of mesophyllic bacteria approximately doubles for every 10-15 • C rise in temperature between 5-35 • C. The ambient sewage temperature in Dundee sewers increases from 7-9 • C in winter to c. 16 • C in summer and the number of faecal bacteria are higher in summer storms than winter periods (Ashley and Dabrowski, 1995) . Based on the effluent temperature rise and general principles of mesophyllic bacterial growth, it is logical to assume that there was up to a doubling of mesophyllic bacterial activity in the sewage effluent over the study period. Sewage provides a rich nutrient source for metabolism by these bacterial groups. It was supposed that in the sewer, aerobic sterol degradation by micro-organisms occurred where aerobic conditions were possible (the surface) and anaerobic degradation occurred elsewhere in the sewage stream where mixing with air to provide oxygen was negligible or nil (Hammer, 1986) . Alongside the increased microbial activity was a longer summer residence time for sewage in the sewer prior to discharge. Decreased rainfall over the study period reduced the amount of storm water flow to the sewers. This increased the foul load of the sewage relative to the reduced total volume of effluent as domestic wastewater inputs remained constant (see Ferrier and Anderson, 1996) .
Once sterol-bearing loads have been discharged via an outfall, their degradation in aerobic surface sediments is well recorded (Quemeneur and Marty, 1994; Marty et al., 1996; Leeming et al., 1998; O'Leary et al., 1999) . Increasing ambient water temperatures and an abundant nutrient source would have encouraged increasing microbial activity in the sediments and water column. Maximum sedimentary microbial activity has been recorded on the Tay intertidal flats during summer months when surface sediment temperatures are greatest (Keith et al., 1987) . Continued degradation of depleted sterol concentrations thus would be expected to occur in the sediments and water column.
After an effluent has been discharged via an outfall, the subsequent dilution is dependent upon the method of introduction, the vertical density gradient of the receiving water and the characteristics of estuarine flow. The mixing of effluent with the receiving water is due to molecular diffusion and the action of eddies generated by the main flow (Ferrier 86 A. D. Reeves and D. Patton: An extended baseline survey and Anderson, 1996) . Transportation is also partially dependent on currents in the receiving water and the velocity of the buoyant plume (Baker et al., 1995) . In Invergowrie Bay, the necessary reduction in velocity required for deposition of particles did not occur immediately at the end of the outfall and so maximum deposition was at a distance from the outfall terminus. It is likely that this depositional pattern is a combination of the sewage stream velocity and the receiving water velocity, although the latter is expected to be more important in carrying the effluent away from the outfall. The spatial distribution of total sterol concentrations in April clearly defined a plume (Fig. 3) . Maximum deposition was at c. 150-200 m south east of the outfall and the plume appeared to be confined to the north shore. Areas of high concentration were associated with sediments with a high silt/clay and TOM content.
A different situation was observed over the summer months. Deposition at this time was immediately adjacent to the outfall in a typical semi-circular pattern that covered a small area (c. 50-100 m diameter), originally described by Alve (1995) . The dispersion pattern represents a creation of a radial gradient in the sterol loading of the sediments and a local distance decay effect. It is suggested that the changing condition of the sewage effluent was one of the major factors influencing the pattern of distribution at the outfall terminus. The rainfall conditions would have caused decreased effluent volume and the more viscous effluent would move more slowly. This would reduce the velocity at the point of discharge to the estuary. The increased viscosity would have resulted in a load that was less easily dispersed.
In conjunction with this, increased salinity was measured in the summer months. Salinity can encourage flocculation of solids discharged on contact with the receiving water (Burton and Liss, 1976) . It is therefore likely that there was also increased flocculation as a consequence of the increased salinity and so organic particles (and thus sterols) were more rapidly sedimented out of the water column. It is probable that there was also a reduction in the receiving water velocity in Invergowrie Bay as tidal currents would not have been as enhanced by freshwater flow as at times of peak discharge (late winter/spring).
Analysis of sterols from Middle Bank indicates a significant marine sedimentary source, in keeping with work by Thornton and McManus (1994) which detected marine influences using isotopic determinations. Upstream concentrations were lower than in Invergowrie Bay, suggesting diminished importance of organic inputs from sewage and implying a dominant easterly movement of the sterol-laden sediments (Table 6) .
Predominant winds are from the south-west and west (Ferentinos and McManus, 1981; McManus, 1986) . A steady wind on an open area of shallow water can have a significant effect on the dominant direction of plume movement (Wewetzer, 1998) . The predominant wind directions would be towards the north-east and east and it is surmised that this would help drive the plume eastwards to some extent. Due to the plume's buoyant nature, it is normally at least partially a near-surface feature.
When effluent is released into an estuary, the mixing of the fresher water with the ambient seawater produces a buoyant plume (Baker et al., 1995) . The movement of particles along this plume would be assisted by the upward velocity of the plume initially, followed by dispersal of the plume and finally deposition. McManus (1984) noted the occurrence of warmer local effluent discharge causing thermal plumes along the Dundee foreshore. Ferrier and Anderson (1996) tracked thermal effluent plumes from the Invergowrie Bay outfall using remotely sensed images throughout a tidal cycle.
The dominant plume movement suggested by sedimentary sterol concentration data in this study concur with the remotely sensed data for plume movement on the ebb tide, reported by Ferrier and Anderson (1996) . Coprostanol concentrations denoted a maximum deposition track eastward of the outfall, defining a plume moving along the north shore. Anisotropic behaviour such as this indicated a distribution pattern consistent with dominant current direction (Chan et al., 1998) . Wind resuspension is known to be significant in the Tay Estuary (Weir and McManus, 1987) . Strong winds, characteristic of April weather, contribute to higher suspended load concentrations than in calmer summer conditions (see Owen and Balls, 1997) . It is suggested, therefore, that the resuspension and deposition of contaminated sediments contributed to concentrations along the maximum depositional track. Ferrier and Anderson (1996) also demonstrated the restriction of effluent flow to the north shore of the estuary with data from Eschericia coli combined with remote sensing studies. The E. coli data clearly showed a lack of southwards dispersion during the end of the flood and first half of the ebb tide. Numbers of E. coli bacteria increased from 1800 per 100 ml one hour before high water to 19 600 per 100 ml four hours after high water Anderson, 1996 and 1997b) . Remote sensing studies have shown that the occurrence of an estuarine front was the main feature restricting effluent dispersal during the ebb tide (Ferrier and Anderson, 1996; Ferrier and Anderson, 1997a and b) . The longitudinal advective front associated with channel topography displayed a strong colour and temperature contrast Anderson, 1996, 1997a and . Such fronts denote boundaries between water bodies defined by different density conditions on either side of the interface (Reeves and Duck, 2001 ). They have particular significance for organic inputs, like sewage, as they can concentrate buoyant organisms and contaminants (Simpson and Turrell, 1986; Brown et al., 1991) . The complex pattern, relatively short formation and decay time of these fronts suggests they are the result of intratidal and lateral density dynamic balance (Ferrier and Anderson, 1997b) .
As there was evidence to indicate the accumulation of sewage derived materials in the near vicinity of Dundee, it was considered that while there was limited upstream dispersal, the majority of sewage was deposited along a downstream track near to Dundee. Organic matter in the outer estuary, however, is characterised by tidally introduced signatures (Thornton and McManus, 1994) , suggesting the decreased importance of sewage derived organics and possible containment of polluted sediments in the middle estuary. There is also evidence for poor dispersal of pollutants in the middle estuary, particularly at times of low flow when residence times increase (Hubbard and Hashim, 1987; Owen and Balls, 1997) . This raises questions about the potential environmental impacts from sewage in such depositional hot spots. Individual sterol distributions for April showed a welldefined plume orientated west-east and originating in Invergowrie Bay. This was particularly visible for coprostanol. Maximum concentrations were noted at a distance from the outfall (c. 150-200 m south east). This suggested that coprostanol concentrations were affected by variables such as flocculation (which would alter particle size and therefore trajectory and fall velocity through the water), effluent stream velocity and local current conditions (Bachtiar et al., 1996) .
Higher concentrations were also noted at the end of the outfall, declining with distance from the outfall. This trend is compatible with mixing/dilution patterns reported by Bachtiar et al. (1996) . Initial deposition of larger particles would occur at the outfall terminus with flocculation on contact with the higher salinity estuarine water.
It is feasible that resuspension of sterol-bearing sediments occurs as the tide turns. These particles would then be carried along the plume track prior to redeposition. Based on the importance of wind-resuspension of sediments (Weir and McManus, 1987) , the contribution may be significant under appropriate weather conditions (i.e. wind-driven waves and currents resuspending bottom sediments) in the shallow waters over the intertidal mudflats.
By June, sterol distributions were constrained along the north shore. The April and June coprostanol distributions suggested the plume was a dynamic and ephemeral feature, defined by shifting tidal currents and effluent characteristics. The same pattern of sterol distribution (i.e. decreasing concentrations with distance from the outfall) was carried through the sterol suite. In both the April and June sample sets, maximum deposition patterns suggest dominant plume movement was west to east. It is proposed that the dominant movement of sterols and thus sewage was towards the north sea, with little upstream transference (Patton, 1998; Patton and Reeves, 2001) . Lower concentrations of coprostanol upstream as compared to Invergowrie Bay, and the occurrence of cholesterol instead of coprostanol as the primary sterol, suggest that sewage was not as important as other sources of sterols at this location. Downstream concentrations (Table 6 ) support this hypothesis as these were the highest recorded in this study. These downstream values indicated the accumulation of sterol-laden sediments with distance downstream from Invergowrie Bay. A phenomenon like this is significant; the combination of different sewage discharges and contaminant accumulation has implications for estuarine management.
Proposed recommendations for the management of the tidal mudflats concentrate on the obligations and options to monitor and encourage both ecological potential and geomorphological diversity (under the Water Framework Directive 2000/60/EC). Management solutions based on individual estuaries are uncommon. Ideally, the recommendation of this study would be that environmental regulators take into account both the precautionary principle (removal of sewage effluent inputs) and the environmental capacity (level of assimilation prior to damage occurring in the system). The Tay is capable of assimilating the bulk of organic contaminants by flushing, burial, microbial degradation and sediment transport. Intertidal flats are inherently dynamic and reliant upon local sediment supply and prevailing currents.
The study demonstrated that sterol distributions exhibited a clearer distance decay effect as the summer progressed. This was particularly apparent in distributions of coprostanol and cholesterol. The changes in distance decay of the sterol concentrations were possibly linked to the declining amounts of sterols measured and change in deposition.
The β-sitosterol concentrations in the August distributions showed the clearest evidence in support of an incursion of sterols from outwith the study area. Comparison of this anomaly with sediment data, however, showed that sediments at this site (D3; see Fig. 1 ) have a high silt content. The elevated sterol concentration observed in the majority of samples taken in August at this site was therefore more likely to be a consequence of the local preferential deposition of sterol-laden silt-sized sediments rather than the influence of a separate sterol source external to the study area (e.g. Coprostanol 1.06 µg g −1 ; β-sitosterol 1.81 µg g −1 ).
Suspended sediment in the middle estuary is subject to strong circulation patterns caused by the interaction of tidal and riverine flows. These combine with an observed figureof-eight circulation pattern to create a middle estuary sediment sink (Hashim, 1985; Hubbard and Hashim, 1987) . Movement of sediments seawards is also offset by landwards migration in this area (Al-Dabbas, 1980; Al-Dabbas and McManus, 1987) . The difference in tidal input (spring/neap) makes no significant difference to the pattern of circulation (Hashim, 1985) . The existence of a sediment sink near Dundee, stated in the work cited above, indicates that sewage-contaminated sediments can be deposited and resuspended several times in the upper-middle estuary prior to permanent burial or loss to the sea. Hubbard and Hashim (1987) showed much of this activity took place on the north shore mudflats. The apparent accumulation of sterols, in particular coprostanol, in the downstream sediments backs up this theory.
Given the aforementioned grain size effect and the importance of measuring a sterol suite, as well as other impacting physicochemical and degradation parameters (Jeng and Han, 1994) , the level of coprostanol alone is insufficient to describe the sewage related sterols in a given sediment. A significant number of authors (Hatcher and McGillivary, 1979; Saliot and Tusseau, 1984; Venkatesan and Kaplan, 1990; Grimault et al., 1990; Tian et al., 1992; Jeng and Han, 1994; Quemeneur and Marty, 1994; Takada et al., 1994; Chalaux et al., 1995; Li et al., 1995; Fattore et al., 1996; Nichols et al., 1996; Chan et al., 1998) have therefore suggested that appropriate independent ratios are a better instrument for comparison and trend identification purposes (i.e. a normaliser for grain surface area effects). These indices are based primarily on the use of coprostanol, cholesterol and cholestanol.
The sterols listed are the best qualified to act as indicators of sewage inputs (Writer et al., 1995) due to similarities between their solubility, binding characteristics and decay rates (Hatcher and McGillivary, 1979) .
Ratios of sterols were calculated in order to elucidate sources and examine the possibility of degradation, principally by microbial organisms. The use of ratios involves assumptions as to the behaviour of sterols in the natural environment. The most significant of these is that all sterols have the same stability in surface sediments and that sterol distribution is constant, with the exception of the anthropological input of coprostanol.
Three ratios (5β/(5α+5β) stanol index, coprostanol/epicoprostanol (c/e) index, coprostanol/cholesterol (c/ch) index) were applied in order to prove primary source. Due to the location of the sample sites, the most likely source of sterols was the sewage outfall and the indices were expected to confirm this. The 5β/(5α+5β) ratio was the principal ratio and the coprostanol/epicoprostanol and coprostanol/cholesterol ratios allowed cross-validation of results.
The 5β/(5α+5β) ratio aids discrimination of sewage and biogenic sources (Grimault et al., 1990) . Both the concentrations of coprostanol and the 5β/(5α+5β) ratio were needed to elucidate the relative contribution of sewage sources and natural reduction sources of sterols to the sedimentary sterol budget (Grimault et al., 1990; Fattore et al., 1996) . The application of the index produces a value of 1 or less which indicates the relative degree of pollution (Table 7) . Studies by Jeng and Han (1994) and Fattore et al. (1996) confirmed values of >0.7 as indicative of urban sewage pollution and concluded that this ratio is a very useful tool for the elucidation of sources of sterol input to recent sediments. The equation for deriving the index is stated as:
Values of 0.76 to 0.90 (standard deviation=0.04) for April data demonstrated unambiguous sewage pollution in the samples. As would be expected, ratios indicated urban sewage pollution during the entire study period (June range 0.65-0.90, standard deviation=0.05; July range 0.66-0.88, standard deviation=0.65; August range=0.63-1.00, standard deviation=0.10). The application of the Kruskall-Wallis statistic to the ratios showed significant differences in the month to month values (p=0.005). Mean values are shown in Table 7 .
The coprostanol/epicoprostanol (c/e) index differentiated human waste from other faecal sources of coprostanol (Fattore et al., 1996) . Reported values of this ratio typically representative of a human source were 1.55 to 6.00 (Fattore et al., 1996; Venkatesan and Kaplan, 1990; Jeng and Han, 1994) , although values as high as 13.24 (inside Venice city boundary) have been reported (Fattore et al., 1996) . Values obtained for the c/e ratio in Invergowrie Bay (Table 7) fell within reported ranges confirming a human source of faecal sterols (April range=2.22-15.60, standard deviation=3.05; June range=1.63-6.46, standard deviation=1.40; July range=1.00-12.89, standard deviation=2.87; August range=1.12-9.81, standard deviation=2.40). Sewage, therefore, was the primary faecal sterol source. The KruskallWallis statistic again showed these differences to be very significant (p=0.008). The coprostanol/epicoprostanol ratio appeared to be excessively high at sites A4 (April) at 15.60 and site A3 (July) at 12.89. Values along the sites to the east (sites J-N, range 2.93-6.73) and west (sites A and B, range 1.81-2.63) of Invergowrie Bay also demonstrated a human source of sterol input.
The coprostanol/cholesterol (c/ch) ratio elucidated the contribution of different biogenic sources. Ratios of <1 are reported to indicate a biogenic source and >1 to indicate a sewage source (Fattore et al., 1996; Nichols et al., 1996) . A biogenic input would have indicated a secondary source of organic matter, e.g. macrophytes.
The Invergowrie Bay samples (Table 7) across the whole study period displayed no secondary source of organic matter (April range standard deviation=0.44; standard deviation=0.35; standard deviation=0.42; standard deviation=0.40) . Most values fall within or close to reported ranges for raw sewage (>1 to <4; Quemeneur and Marty, 1994; Takada et al., 1994) . It was expected that some values should fall outwith this range as dilution of raw sewage occurred with distance from the outfall. As with the previous two indices, the Kruskall-Wallis statistic revealed significant differences in the index values over the study period (p=0.008).
The sites west of Invergowrie Bay, however, displayed values <1 (with one exception, site L=1.41) and an average of 0.75. This implied a biogenic source of cholesterol was contributing to the sterol loading upstream of the majority of sewage loadings. The non-sewage source has not been identified, but it was likely to be from a combination of sedimentary, aquatic and terrestrial sources (in particular, marginal macrophytes).
Urban sewage pollution was definitely identified by the 5β/(5α+5β) stanol index along the estuary. The dominance of sewage as a sterol source was also confirmed by the c/e and c/ch indices. Later in the season, inconclusive sterol sources (ratio values >0.6 and <0.7) were noted at the southern limit of the Invergowrie Bay sample area and corresponded to low coprostanol concentrations. The frequency of their occurrence increased across the study period (min. April=0; max. August=6) in response to the falling sterol concentrations. The 5β/(5α+5β) stanol index suggested a distance decay effect consistent with concentration data. This was verified by the c/e index. The distance decay feature was expected, as there is much evidence in the literature to show significant distance decay effects in concentrations within a few hundred metres of outfall termini (e.g. Alve, 1995; Leeming and Nichols, 1998) . The 5β/(5α+5β) stanol index values suggested some spread of the sewage plume upstream on the flood tide. As mentioned previously, the movement of the plume upstream has been defined by remote sensing studies (Ferrier and Anderson, 1996) and the data suggested there was limited deposition upstream. It was impossible, however, to distinguish effluent from the Invergowrie Bay outfall from the small sewage inputs upstream (serving individual houses or small communities) without tracer studies. The lower values of the c/e ratio to the west of Invergowrie Bay reflect the downward trend in coprostanol concentrations, as there was no major outfall upstream of Dundee. The small outfalls upstream of Dundee were expected to contribute significantly to the urban sewage 'fingerprint' noted at the upstream sites.
The decline in the 5β/(5α+5β), c/e and c/ch average values from April to August (Table 7) is congruent with the falling coprostanol concentrations. The c/ch index indicates the increasing spatial importance of non-sewage derived cholesterol with distance from the outfall. The increasing temporal importance of non-sewage cholesterol was indicated by the decreasing values (suggested by the decreasing means).
The reduction of sterols by microbial action can have a significant effect upon the sterol "fingerprint" (Tian et al., 1992) . In order to examine the possibility of sterol degradation, two means of assessing the data were used for cross validation purposes. These were the cholesterol/(cholesterol + cholestanol) index and C 27 and C 29 stanol/sterol pairs. The indication of reduction lies in the relationship between stanol and sterol, where sterols are reduced to their stanol form by microbial action. The higher relative concentration of the stanol form, the higher the potential level of reduction (Tian et al., 1992) . Chalaux et al. (1995) explored the use of a version of 5β/(5α+5β) ratio to examine the occurrence of reduction of sterols in the following form: Chalaux et al. (1995) reported index values of <0.5 in inner Tokyo Bay, which suggested that there was reduction of cholesterol at this location. The authors also report ratios of 0.88-0.4 in the water particulate phase and 0.4 in sediments. This indicats the reduction of sterols in anoxic sediments leading to the formation of the 5α-and 5β-stanol isomers. The smaller the index value, the more reduction has occurred.
Changes in the Chalaux index (Table 8) Used with caution (Gaskell and Eglinton, 1975) , stanol/sterol ratios have the potential to estimate the degree of biohydrogenation efficiency, leading to the transformation of sterols into stanols (Saliot and Tusseau, 1984; Tian et al., 1992; Li et al., 1995) . The indices required the assumptions that there was a higher stability of stanols versus sterols, with direct reduction of sterols under anoxic conditions and that biohydrogenation of sterols by microorganisms occurred in the water column and surface sediments (Lajat et al., 1990) . Li et al. (1995) reported on the simultaneous measurement of a C 27 pair (cholestanol/cholesterol) and a C 29 pair (stigmastanol/sitosterol) in the Serayu River system in Indonesia. They suggested that the low values (mean 0.3) for the 27 pair and less again for the 29 pair indicated that allochthonous organic matter was more resistant than autochthonous to degradation by microorganisms. Saliot and Tusseau (1984) have applied these ratios to the marine environment and Tian et al. (1992) have applied the same sterol/stanol ratios to sewage polluted estuarine sediment, thus establishing a precedent for its use in this study. Table 8 presents mean values for a C 27 stanol/sterol ratio (cholestanol/cholesterol) and C 29 stanol/sterol ratio (stigmastanol/β-sitosterol). The former is related to the reduction of autochthonous material (i.e., originating in situ) and the latter to the reduction of allochthonous material (i.e., originating ex situ; Li et al., 1995) .
In general, in keeping with the work described in the literature (e.g., Li et al., 1995) , the C 27 ratios are higher than the C 29 ratios. This finding indicates that degradation of allochthonous sterols was occurring. Despite the lack of spatial pattern in the index values, it can be seen that there is considerable variation in the amount of reduction occurring on a site to site basis. This suggests that there were very localised differences in the water column and sedimentary processes across the study area. It is also likely that changes in redox conditions occurred in the effluent prior to discharge.
The increasing activity of the microbial communities over the period April -August 1997 was indicated by the rise in the C 27 ratio values (Tian et al., 1992) . The change was minimal and not statistically significant. The increased values simply show increased microbial degradation of the sterols. This was congruent with the fall in measured sterol concentrations.
The Chalaux ratio did not show evidence for reduction to the extent reported by Chalaux et al. (1995) . Values determined in the current work did not fall below the reported value of 0.5, but did suggest that reduction was occurring. The overall picture was one of very similar sediment conditions during the entire study period as there was no great difference amongst the mean of the ratios (0.63, 0.61, 0.65, and 0.61). This was a consequence of the input of sterols and sewage particulate matter blanketing the surface sediments over the relatively small sample area.
Changes in the Chalaux ratio were interpreted with caution. Without additional evidence, it was difficult to say categorically that the measured effect was a direct consequence of reduction reactions in sediments. Variability in the amount of the sterols was dependent upon factors such as the diversity of inputs from the biomass and the intensity of degradation processes occurring prior to sedimentation (for example see Saliot and Tusseau, 1984) . The evidence suggests that there is reason to infer limited reduction of sterols to stanols and that this degradation increased over the study period. The ratio, however, was not sufficiently sensitive to define changes very clearly.
The stanol/sterol ratio results give a better impression of the hydrogenation occurrence than the Chalaux ratio. The examination of sterol degradation using these ratios is generally more sensitive than the Chalaux ratio. The latter was, however, useful in suggesting that changes were occurring and in cross-validating the results from the stanol/sterol pairs.
Conclusions
Substantial overall reductions in sterol concentrations were recorded during the study. Average reductions in concentation were 60% for coprostanol, 53% for epicoprostanol, 41% for cholesterol and 24% for cholestanol. Decreases in concentration were primarily a consequence of a doubling of mesophyllic bacterial activity. Spatial distributions of total sterol concentrations defined a plume at the start of the ebb tide, with a maximum deposition at a distance from the long outfall terminus. The plume was confined to the north shore. Deposition at high slack water was in a semi-circular pattern. Local currents were considered more important in plume formation than velocity of sewage flow. A distance decay effect was observed eastwards along the estuary. Individual sterols showed a plume present in April. Maximum coprostanol concentrations were observed 150-200 m from the outfall, suggesting dependence on variables such as flocculation and falling effluent stream velocity. The plume was a dynamic and ephemeral feature defined by shifting tidal currents. Plume movement was constrained to the north shore of the estuary on the ebb tide. High sterol concentrations identified at the end of the outfall were consistent with reported mixing and diution pattern.
The 5β(5α+5β) ratio indicated upstream movement of sewage. Results show a decline in the importance of sewagederived sterols the further west the samples were taken from Invergowrie. The coprostanol/epicoprostanol index was used to differentiate between human and non-human faecal inputs to the estuary. The index confirmed a human source for the faecal inputs. Domestic sewage was the primary source. The coprostanol/cholesterol ratio was used to calculate the contribution of different biogenic sources to the sedimentary sterol budget. Invergowrie Bay displayed no sterol source other than the sewage outfall. A biogenic source of cholesterol was influencing sterol concntrations upstream of Dundee (confirmed by the C 27 ratio), where sewage inputs were lower. The source was likely to be a combination of natural sedimentary, terrestrial and aquatic sources.
C 27 and C 29 ratios were used to calculate the degree of transformation (sterol degradation). Higher values were obtained for C 27 ratios, indicating a greater resistance to degradation of the autochthonous material. Increases in the C 27 ratio suggest increases in microbial degradation of organic matter. This is in keeping with theories concerning the increase in sterol degradation over the summer period. The Chalaux ratio indicated local variation in rates of sterol reduction. The strongest evidence of reduction was noted in samples taken in August. 
